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ABSTRACT 

T h i s  memorandum con ta ins  a necessary  p a r t  of  a compre- 
hensive a n a l y s i s  of t h e  psychologica l  and p h y s i o l o g i c a l  e f f e c t s  
upon a s t r o n a u t s  a s  t h e i r  l e n g t h  o f  exposure to i n - f l i g h t  space 
environment v a r i e s .  The p o s s i b l e  man-mission resupply  schedules  
t h a t  e x i s t  s u b j e c t  to a set  o f  f i x e d  c o n s t r a i n t s  and capable  of 
s e v e r a l  s e t s  of d e s i r e d  p r o p e r t i e s  a r e  determined and those  
schedule  types  which maximize va r ious  measures of  e f f e c t i v e n e s s  
a r e  s i n g l e d  ou t .  

c o n s t r a i n t s  a id  i n  d e f i n i n g  an i n i t i a l  segment of a man-mission 
resupply schedule  ; t h e  de r ived  e l e v e n  i n i t i a l  segments p a r t i t i o n  
a l l  admiss ib le  miss ion  p r o f i l e s  i n t o  e l even  c l a s s e s ;  t h e  c l a s s e s ,  
and hence the schedu les ,  a r e  ana lyzed  v i a  t h e i r  i n i t i a l  segments. 
The ana lyses  a r e  performed b y  c o n s t r u c t i n g  c h a r t s  e x h i b i t i n g  t h e  
c a p a b i l i t i e s  of t h e  i n i t f a l .  segments w i t h  r e s p e c t  to t h e  54 s e t s  
of d e s i r e d  p r o p e r t i e s ,  reducing  t h e  c h a r t s  by d e l e t i n g  every 
i n i t i a l  segment less capable  t h a n  some remaining segment, and 
e x t r a c t i n g  the  m a x i m u m  d u r a t i o n  e n t r y  f o r  each set  of d e s i r e d  
p r o p e r t i e s .  Other  measures of e f f e c t i v e n e s s  ana lyzed  a r e  number 
o f  a s t r o n a u t s  exposed, miss ion  d u r a t i o n / n m b e r  of launch v e h i c l e s  
and number of as t ronauts /number of launch v e h i c l e s .  

T h i s  i s  accomplished a s  f o l l o w s .  Three of t h e  f i x e d  

It i s  f e l t  t ha t  f u r t h e r  measures of e f f e c t i v e n e s s  and 
o t h e r  c o n s t r a i n t  sets could b e  e f f i c i e n t l y  ana lyzed  i n  a manner 
similar to t ha t  elitded to by t h e  c o n s t r u c t l o n  and p roof s  i n  t h e  
Appendices. 

SEE REVERSE S I  DE FOR D ISTR I BUT ION L I  ST 
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TECHNICAL MEMORANDUM 

I. I N T R O D U C T I O N  

I n  a comprehensive a n a l y s i s  of t h e  e f f e c t s  of the  space 
environment upon a s t r o n a u t s  as t h e i r  l e n g t h  of exposure i n  o r b i t  
v a r i e s  i t  i s  necessa ry  to determine  t h e  man-mission resupply  
schedu les  p o s s i b l e  under v a r i o u s  c o n s t r a i n t s .  The need f o r  such 
an a n a l y s i s  was o r i g i n a l l y  sugges ted  by D. B. Hoffman who a l s o  
a ided  i n  t he  d e f i n i t i o n  i n  t h e  next  s e c t i o n .  Using some of  t h e  
c o n s t r a i n t s  a c l a s s i f i c a t i o n  o f  a l l  p o s s i b l e  mis s ions  i n t o  11 
miss ion  types  i s  done and an a n a l y s i s  of  these 11 miss ion  t y p e s  
i s  performed s u b j e c t  to t h e  remaining c o n s t r a i n t s  and des i red  
c a p a b i l i t i e s .  Comparable ana lyses  are c l e a r l y  p o s s i b l e  f o r  o t h e r  
c o n s t r a i n t  sets.  

11. STATEMENT OF PROBLEM 

The problem i s  to determine t h e  number of mis s ion  types  
t h a t  e x i s t  and t h e n  to l i s t  these t y p e s  g i v e n  t h e  fo l lowing  con- 
s t r a i n t s  and d e s i r e d  p r o p e r t i e s :  

A. Fixed C o n s t r a i n t s  

1. 
2 .  

3. 
4. 
5. 
6 .  

7 .  

There  are t h r e e  a s t r o n a u t s  i n  o r b i t  a t  a l l  t i m e s ,  
t h e  minimum lag between r e supp ly  launches i s  30 days,  
t h e  maximum l a g  between r e supp ly  launches i s  90 d a y s ,  
two l aunch  v e h i c l e s  are r e q u i r e d  f o r  t h e  i n i t i a l  l aunch ,  
one launch  v e h i c l e  i s  r e q u i r e d  f o r  each r e supp ly ,  
an i n i t i a l  sequencing i s  r e q u i r e d  of a 30 day man be ing  
r e t u r n e d  b e f o r e  any man has been exposed f o r  60 d a y s ,  a 
60 day man be ing  r e t u r n e d  b e f o r e  any man has been exposed 
f o r  90 days and a 90 day man be ing  r e t u r n e d  b e f o r e  any 
men have been exposed f o r  g r e a t e r  t h a n  90  days,  
t h e  mis s ion  i s  t e r m i n a t e d  a t  t h e  end of  t he  l o n g e s t  
exposure p e r i o d ,  
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8. t h e  bounds on t h e  number of aF t ronau t  p o f  
are 
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3 
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I 

B. Varying C o n s t r a i n t s  or Desired P r o p e r t i e s  

1. The l o n g e s t  exposure p e r i o d  ( P )  r e q u i r e d  i s  eitht3i 

2. t h e  l i m i t  ( m )  on t h e  number o f  a s t r o n a u t s  t h a t  can 

3. t h e  l i m i t  ( r )  on t h e  r e supp ly  lag  immediately preceding  

4. t h e  number ( R )  of  launch  v e h i c l e s .  

330 days or 360 days i p  l e n g t h ,  

be exchanged a t  any  r e supp ly  i s  e i t h e r  1, 2 or 3, 

t h e  t e r m i n a t i o n  of  t he  mis s ion  i s  e i t h e r  30, 60 o r  90 days ,  

t, f o r  each o f  s de termine  
c o n s t r a i n t s  o f  

t h e  fo l lowing  measures of e f f e c t i v e n e s s  

i o n  d u r a t i o n  (D), 
er  of  a s t r o n a u t s  exposed i n ) ,  

D 
R 

= -  C. 

n = -  
R d. 
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Other c o n s i d e r a t i o n s  were the number of  men used and 
t h e  number of man-days i n  o r b i t ;  however, these are e q u a l  to 
3 [number of launch v e h i c l e s  -11 and 3 * [ d u r a t i o n ]  respec-  
t i v e l y .  Thus, these were only  i m p l i c i t l y  cons idered  and can 
be ob ta ined  by apply ing  the  convers ion  formulae.  

111. CLASSIFICATION BY I N I T I A L  SEGMENTS 

For s i m p l i c i t y ,  due to t h e  minimum l a g  c o n s t r a i n t  
( I I . A . 2 1 ,  a 30-day p e r i o d  w i l l  be c a l l e d  a u n i t  p e r i o d  (or a 
u n i t )  and v i s u a l l y ,  a 30-day p e r i o d  w i l l  be  r e p r e s e n t e d  as a 
b lock  1 u n i t  i n  l e n g t h ,  a 60-day p e r i o d  as a block 2 u n i t s  i n  
l e n g t h ,  a 30.k day p e r i o d  as a block k u n i t s  i n  l eng th .  

b e  p a r t i t i o n e d  i n t o  a s u f f i c i e n t l y  small c o l l e c t i o n  o f  d i s t i n c t  
c l a s s e s  each  c h a r a c t e r i z e d  by i t s  " i n i t i a l  segment. The 
i n i t i a l  segments are a r r i v e d  a t  and d e f i n e d  by us ing  t h e  fol- 
lowing c o n s t r a i n t s  fron? t h o s e  of S e c t i o n  1 I . A :  

To f a c i l i t a t e  a n a l y s i s ,  t he  s e t  of a l l  mis s ions  w i l l  

i )  t h e r e  are 3 a s t r o n a u t s  i n  o r b i t  a t  a l l  t imes ( I I . A . 1 1 ,  
i i )  no more t h a n  3 each of  l e n g t h  1, l e n g t h  2 and l e n g t h  3 

b locks  can be  used (II .A.81,  and 

b lock  must end b e f o r e  any block exceeds l e n g t h  1, a t  
leas t  one l e n g t h  2 b lock  must end b e f o r e  any b lock  
exceeds l eng th  2 and a t  least  one l e n g t h  3 b lock  must  
end b e f o r e  any b lock  exceeds l e n g t h  3 ( I I .A .6 ) .  

iii) t h e  precedence r e l a t i o n s  t h a t  a t  least  one l e n g t h  1 

Indeed,  c o n d i t i o n  iii) i m p l i e s  tha t  no l o n g e r  b lock  
can s ta r t  b e f o r e  t he  f i r s t  1 u n i t  b lock ,  t h e  f i rs t  2 u n i t  b lock ,  
or t h e  f i r s t  3 u n i t  b lock  s t a r t s ,  r e s p e c t i v e l y .  Hence, an i n i t i a l  
segment w i l l  be d e f i n e d  to be a segment from the  beginning of a 
mis s ion  to and i n c l u d i n g  the  f irst  3 u n i t  b lock  wi th  a l l  three 
a s t r o n a u t  p o s i t i o n s  ( c o n d i t i o n  i) f i l l e d  by 1 or 2 u n i t  b locks  to 
a t  least  t h e  beginning  of t h e  f i rs t  3 u n i t  b lock .  T h i s  p rec ludes  
any block 3 u n i t s  or l o n g e r  from s t a r t i n g  too soon. Two segments 
are said to be symmetric i f  one can be o b t a i n e d  from t h e  o t h e r  by 
r e a r r a n g i n g  t h e  b locks  from l i n e  to l i n e  wh i l e  keeping each b lock  
i n  i t s  own f i x e d  t i m e  i n t e r v a l .  T h i s  symmetry i s  i l l u s t r a t e d  by 
the  fo l lowing  example: 
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The segment ( a )  i s  symme.tric to t h e  segment ( b )  and v i c e  ve r sa .  
Condi t ion  ii) i m p l i e s  t ha t  the m a x i m u m  length  of  an i n i t i a l  
segment i s  6; t h e  minimum l e n g t h  is  obvious ly  3 .  Since  the  f i r s t  
1 u n i t  b lock  must beg in  a t  0 ,  by a n  enumeration p rocess  o f  begin- 
n ing  t h e  f irst  3 u n i t  block a t  0, t h e n  1, t h e n  2,  t h e n  3 while 
beginning the  f i r s t  2 u n i t  b lock  a t  0, t h e n  1 and observ ing  
i) - iii), i t  i s  found tha t  there are e l e v e n  and only  e l even  
i n i t i a l  segments w i t h i n  symmetry (see Appendix I ) .  There fo re ,  
any mis s ion  s a t i s f y i n g  c o n s t r a i n t s  I I . A . l ,  A.6 and A.8 must have 
as i t s  beginning  one and only one o f  these 11 i n i t i a l  segments; 
i . e . ,  a l l  such mis s ions  are c l a s s i f i e d  by these 11 i n i t i a l  seg- 
ment equ iva lence  c l a s s e s .  The miss ions  w i l l  t h u s  be analyzed by  
ana lyz ing  t h e  i n i t i a l  segments l i s t e d  i n  F i g u r e  1. F igure  1 has 
sub-ca tegor ized  the  i n i t i a l  segments due t o  the  v a r i a b l e  c o n s t r a i n t  
I I . B . 2  and t h e  number of  launches  r e q u i r e d  to accomplish t h e  i n i t i a l  
segments.  

I V .  A N A L Y S I S  ON I N I T I A L  SEGMENT CLASSES 

Using t h e  c o n s t r a i n t s  o f  S e c t i o n  I1 a c a p a b i l i t y  c h a r t  
( d e f i n e d  l a t e r )  f o r  t h e  i n i t i a l  segments w i l l  be c o n s t r u c t e d ;  
t h i s  c h a r t  w i l l  t h e n  be reduced b y  observ ing  t h a t  some i n i t i a l  
segments are more l lcapablel l  t h a n  o t h e r s ;  t h e  r e s u l t a n t  c h a r t  w i l l  
f u r t h e r  be reduced and c o n s o l i d a t e d  by e x t r a c t i n g  a l l  e n t r i e s  
which maximize t h e  mis s ion  d u r a t i o n  f o r  some f i x e d  s e t  of con- 
s t r a i n t s ;  f i n a l l y ,  a n a l y s i s  o f  t h e  i n i t i a l  segments w i t h  t h e  use  
of  t h e  c h a r t s  i s  exp la ined .  

A. C a p a b i l i t y  Chart  Cons t ruc t ion  

s p e c i f i c  p o i n t  a long  t h e  miss ion;  hence,  each i n i t i a l  segment 
de te rmines  a s e t  of  launches  needed to accomplish it. I n  t u r n ,  
u s ing  c o n s t r a i n t s  I I . A . 4  and I I .A .5  which r e q u i r e  two launch 
v e h i c l e s  to s t a r t  t h e  mis s ion  and one a t  each launch  t h e r e a f t e r ,  
t h e  number of launch  v e h i c l e s  f o r  each i n i t i a l  segment i s  deter-  
mined and i s  one more t h a n  t h e  number of launches .  F igu re  1 shows 
a t  which p o i n t s  (denoted  by Lv) l aunches  are r e q u i r e d  ( e . g . ,  

A launch i s  needed to s t a r t  a b lock  or blocks  a t  a 

i n i t i a l  segment 7 r e q u i r e s  launches  a t  L1 = 0 ,  L2 = 1, L 3  = 3 and 
L4 = 4 ) .  

Consider  an i n i t i a l  segment I w i t h  l aunches  a t  p o i n t s  
L e t  t h e  maximum resupp ly  i n t e r v a l  ( c o n s t r a i n t  L1, L2,  ..., Ls. 

I I .A.3)  b e  p=3 u n i t s  long ,  a mandatory r e supp ly  launch be 
r ( l s rA3)  u n i t s  b e f o r e  t e r m i n a t i o n  ( c o n s t r a i n t  I I . A . 7  and 1 I . B .  3 ) ,  
a l o n g e s t  exposure p e r i o d  P ( c o n s t r a i n t  1 I . B . Z )  be k(k=11,12) u n i t s  
l ong  and a mis s ion  d u r a t i o n  b e  D ,  (max[Ls+p, l + k ]  5: D i Ls + p + k )  
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u n i t s  long. S ince  P ends t h e  mis s ion  ( c o n s t r a i n t  I I . A . 7 )  i t  
must s t a r t  a t  p o i n t  j=D-k. ' I f  t h i s  i s  a v a l i d  p o i n t  f o r  P to 
s ta r t  us ing  i n i t i a l  segment I ,  t h e  minimum number of  launch 
v e h i c l e s  needed for a miss ion  t h u s  c o n s t r a i n e d  i s  g i v e n  by 

+? 
N = s + l + a +  ' D- ~ B-r 

¶ 

where 

LS)  
0 i f  j E { L 1 ,  L2, ..., 

1 i f  j+{L1, h2, ..., L ~ I  
a =  

and 

B = max[Ls, j l  . 

The proof o f  (1) i s  con ta ined  i n  Appendix I1 f o r  g e n e r a l  p 3. 
The minimum d u r a t i o n  f o r  t h e  s p e c i f i c  c o n s t r a i n t s  o f  s e c t i o n  I1 
i s  1 2  u n i t s  or 360 days  and t h e  minimum number of launch v e h i c l e s  
i s  7. 

An i n i t i a l  segment i s  capable  of a des i red  p r o p e r t y  or 
p r o p e r t i e s  (Sec t ion  1 I . B )  i f  i t  admits t h e  c o n s t r u c t i o n  o f  a m i s -  
s i o n  having  t h e  des i red  p r o p e r t y  or p r o p e r t i e s .  Thus a c a p a b i l i t y  
c h a r t  e x p r e s s i n g  the c a p a b i l i t i e s  w i t h  r e g a r d  t o  t h e  d e s i r e d  pro- 
p e r t i e s  of S e c t i o n  1 I . B  w i l l  be  c o n s t r u c t e d  for t h e  13 i n i t i a l  
segments. T h i s  c h a r t  i n c l u d e s  only  7, 8 and 9 launch v e h i c l e s  
because 7 i s  the  minimum number and t h e  c h a r t  beoomes " regu la r "  
a t  9, i . e . ,  it s h i f t s  the  reduced 9 launch  v e h i c l e  c h a r t  3 dura- 
t i o n  u n i t s  down for each a d d i t i o n a l  v e h i c l e .  By s e t t i n g  p=3 and 
vary ing  the  parameters  I, k, D ,  and N most of  t he  c a p a b i l i t y  
c h a r t  f o r  i n i t i a l  segments, F i g u r e  2 ,  can be c o n s t r u c t e d  keeping 
i n  mind c o n s t r a i n t s  I I .A.6 .  The remaining p o r t i o n  can be f i l l e d  
i n  i m m e d i a t e l y  by  r e a l i z i n g  t h a t  N i s  a minimum and t h u s  the 
t e r m i n a l  launch  l a g  of  30 or 60 days i s  a t t a i n e d  when an e x t r a  
launch  i s  added for a g iven  d u r a t i o n  miss ion .  (See Appendix 111.) 

C ap ab i lit y Chart R e  duc t  i on B. 

The c a p a b i l i t y  c h a r t  (F igu re  2 )  w i l l  be reduced by ob- 
s e r v i n g  that  some i n i t i a l  segments are more capable  t h a n  o t h e r s .  
A minimum t e r m i n a l  l ag  of 30 days i n c l u d e s  or f rcovers"  a minimum 

* F 7  x s i g n i f i e s  t h e  smallest i n t e g e r  X. . 
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t e rmina l  lag of 60 days ( i . e . ,  if i t  i s  p o s s i b l e  to l aunch  
30 days p r i o r  to t e rmina t ion ,  i t  i s  p o s s i b l e  to l aunch  i n s t e a d  
60 days o r  90 days p r i o r  to t e r m i n a t i o n  wi thout  v i o l a t i n g  the  

n t  c o n s t r a i n t s  and wi thout  adding ano the r  v e h i c l e ) .  
cove r s  e and 0 ; a l s o ,  6 covers  0 and any one 
k ( e . g . ,  F igure  2 ) .  Therefore ,  a column o r  i n i t i a l  

segment w i t h i n  a t ab le  can b e  said to "cover" ano the r  column o r  
i n i t i a l  segment w i t h i n  the same t ab le  i f  every  e n t r y  of  t he  f i r s t  
column "covers"  t h e  cor responding  e n t r y  of t h e  second column 
w i t h i n  t ha t  table .  Thus f o r ' a  g iven  l o n g e s t  exposure p e r i o d  P 
and f o r  a g i v e n  number of  launch  v e h i c l e s  R ,  any miss ion  w i t h  t h e  
f i rs t  i n i t i a l  segment has at  least  t h e  mis s ion  d u r a t i o n  and te r -  
mina l  launch  l a g  c a p a b i l i t i e s  of t h e  second. Fo r  example, i n  t h e  
t ab le  f o r  P o f  330 days,  R = 8, i n i t i a l  segment 2 has more mis s ion  
d u r a t i o n  and t e r m i n a l  launch l a g  c a p a b i l i t y  t h a n  i n i t i a l  segment 3. 

Furthermore,  i f  an i n i t i a l  segment covers  ano the r  i n i t i a l  
segment f o r  every t a b l e  of  F igure  2 t h e  former has a t  l eas t  t h e  
longes t  exposure p e r i o d  and number o f  launch  v e h i c l e  c a p a b i l i t y  
of t he  l a t t e r  (see aga in  i n i t i a l  segments 2 and 3 ) .  If the resupply  
a s t r o n a u t  exchange l i m i t ,  m ,  i s  to a l s o  b e  cons idered ,  on ly  t h o s e  
i n i t i a l  segments w i t h i n  a f i x e d  m group shou ld  be compared. 

Thus from t h e  c a p a b i l i t y  c h a r t ,  F igure  2 ,  cons ide r ing  
t h e  f a c e t s  of a )  330 o r  360 day l o n g e s t  exposure p e r i o d s ,  b )  7 ,  
8 o r  9 launch v e h i c l e s ,  c )  miss ion  d u r a t i o n ,  d )  30, 60 o r  9 0  
day t e r m i n a l  launch  l a g  and e )  1, 2 o r  3 resupply  a s t r o n a u t  
exchange l i m i t ,  i n i t i a l  segments 1, 2 ,  7, 8 and 9 are uniquely  
capab le .  F igu re  3 i s  t h e  reduced c h a r t .  

I f  i t  i s  desired to maximize mis s ion  d u r a t i o n ,  a f u r t h e r  
r e d u c t i o n  can be accomplished and the  tables  conso l ida t ed  by 
e x t r a c t i n g  a l l  e n t r i e s  which maximize t h e  mis s ion  d u r a t i o n  f o r  a 
f i x e d  s e t  of c o n s t r a i n t  v a r i a b l e s  (k ,  m, r ,  a > .  For example, s ay  
P i s  a 330 day p e r i o d  (k=ll) ( c o n s t r a i n t  I I . B . 1 1 ,  the  a s t r o n a u t  
exchange l i m i t  i s  2(m=2)( I I .B .2) ,  t h e  t e r m i n a l  launch  lag l i m i t  
i s  60 days  ( r = 2 )  ( I I . B . 4 )  t h e n  t h e  maximum d u r a t i o n  D w i t h  8 launch  
v e h i c l e s  i s  1 5  u n i t s  o r  450 days accomplished by some miss ion  having 
i n i t i a l  segment 2 (From Figure  2 ,  i n i t i a l  segment 3 could  also be 
used;  however, only one w i l l  b e  chosen . ) .  The r e s u l t i n g  c h a r t  i s  
shown i n  F igu re  4 .  

C .  C a p a b i l i t y  Chart U s e  f o r  Analys is  o f  E f f e c t i v e n e s s  Measures 

T h e  miss ions  w i l l  be ana lyzed  i n  terms of the  measures  
of e f f e c t i v e n e s s  g iven  i n  S e c t i o n  1 I . B :  m i s s ion  d u r a t i o n ,  m i s -  
s i o n  durat ion/nwnber  of launch  v e h i c l e s ,  number o f  men exposed 
and number of  men exposed/number o f  launch  v e h i c l e s .  
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C . l  Maximum Mission Dura t ion  

T h e  maximum miss ion  d u r a t i o n  f o r  any f i x e d  set of 1I.B 
c o n s t r a i n t s  (k ,  m,  r, R) i s  accomplished by some-mission having 
the  i n i t i a l  segment corresponding to t h e  e n t r y  i n  F i g u r e  4 satis- 
f y i n g  t h o s e  c o n s t r a i n t s ,  i f  an miss ion  can s a t i s f y  t h o s e  con- 
s t r a i n t s  (Note tlhat @ f f c o v e d @  or 0 and tha t  e f l c o v e r s "  0 . )  

The maximum d u r a t i o n  can a l s o  be determined by F i g u r e  4 
w i t h i n  g iven  bounds f o r  the  v a r i a b l e  c o n s t r a i n t s  of  S e c t i o n  1I.B 
and keeping the number of  launch  v e h i c l e s  a t  or below 9 s i n c e  there  
are s o  f e w  e n t r i e s  to cons ide r .  T h i s  i s  done by cons ide r ing  

= Max{15,15,14,161 = 16 u n i t s  or 480 days. 

C. 2 Maximum Mission Duration/Number of Launch Veh ic l e s  

The maximum miss ion  d u r a t i o n  d i v i d e d  by t h e  number of 
launch v e h i c l e s ,  D / R ,  can be determined i n  a s imi la r  manner from 
Figure  4. T a b l e  1 g i v e s  t h e  maximum d u r a t i o n  f o r  each f i x e d  set  
of  m,k,r; an i n i t i a l  segment used to accomplish t h e  max D/R i s  
a l s o  shown. 

C.3 Other  Analyses Related to t h e  Dura t ion  

F igu res  2 and 3 can be used f o r  o t h e r  a n a l y s e s  such as 
the  fo l lowing .  F i x  the d u r a t i o n  and c o n s i d e r  the ranges  of t h e  
o t h e r  c o n s t r a i n t s  or c a p a b i l i t i e s  i n  S e c t i o n  1I.B; e.g. ,  s e t t i n g  
D=16 u n i t s  (480 d a y s )  from F i g u r e  3, i t  i s  s e e n  t h a t  a t  least  8 
v e h i c l e s  must be used and i f  on ly  8 are used,  to accomplish a 
r e supp ly  at  2 u n i t s  (60  days )  from t e r m i n a t i o n  r e q u i r e s  P having 
330 days exposure,  at  l ea s t  one 3 a s t r o n a u t  exchange and a mis s ion  
w i t h  i n i t i a l  segment 8; t h e  e f f e c t i v e n e s s  measure D/R = 16/8 as 
a maximum for D=16, 
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~ 17/9 = 1.889 
20/9 = 2.222 
20/9 = 2.222 
18/9 = 2.000 
I8/9 = 2.000 
21/9 = 2.333 

, 

~ 

Set  C o n s t r a i n t s  - 
m 

1 
1 
1 

1 
1 
1 

2 
2 
2 
2 
2 
2 

- 

- 

3 
3 
3 
3 
3 
3 - 

k 

11 
11 I, 

11 

12 
12 
12 

11 
11 
11 
12 
12 
12 

11 
11 
11 
12 
12 
12 

- 
P 

1 
2 
3 

1 
2 
3 

1 
2 
3 
1 
2 
3 

- 8 -  

I 

Obta in  

max D/R 

13/8 = 1.625 
17/9 = 1.900 
17/9 = 1.900 

15/9 = 1.667 
14/8 = 1.750 
18/9 = 2.000 

15/9 = 1.667 
38/9 = 2.000 
18/9 = 2.000 
1619 = 1.778 
16/9 = 1.778 
1g/g = 2.111 

- 

by us ing  I 

1 
1 

1 
1 
1 

2 
2 
2 
2 
2 
2 

~ 

9 
9 
9 
9 
9 
9 

T a b l e  1 M A X I M I Z E  D/R FOR FIXED m , r , k  

T h i s  i s  ob ta ined  from F igure  3 by vary ing  D and R 

f o r  a f i x e d  s e t :  a s t r o n a u t  exchange l i m i t  m ,  l onges t  exposure 
p e r i o d  k (k=ll i s  330 days; k=12 is 360 days) and minimum 
t e r m i n a l  l a g  r. 
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and the  

1) 

2)  

3)  

4) 

Here are some g e n e r a l  conclus ions  drawn from F igure  4 
c o n s t r a i n t s  

I f  one has the  two man exchange c a p a b i l i t y  and desires 
a l o n g e r  d u r a t i o n ,  there  i s  a t r ade -o f f  between 
a) adding an a d d i t i o n a l  man exchange c a p a b i l i t y  and 
b )  ad#ding an e x t r a  launch v e h i c l e  and c u t t i n g  t h e  
exchange c a p a b i l i t y  by one man, 
there  i s  g e n e r a l l y  a t r ade -o f f  between a >  r e q u i r i n g  a 
l o n g e s t  exposure p e r i o d  of 360 days  w i t h  a 90 day te r -  
minal  launch  l a g  and b) a l o n g e s t  exposure p e r i o d  of 
330 days w i t h  a 60 day  t e r m i n a l  l ag  and 30 days  l ess  
d u r a t i o n  but  a fresher crew member to p i l o t  r e e n t r y ,  
for x(x.9) launch v e h i c l e s ,  t h e  maximum d u r a t i o n  capa- 
b i l i t y  c h a r t  would b e  similar to t ha t  f o r  9 launch 
v e h i c l e s  i n  F igu re  4 i n  that  i t  would be s h i f t e d  3 
u n i t s  i n  d u r a t i o n  down for each e x t r a  launch v e h i c l e ,  
e .g . ,  @ under i n i t i a l  segment 2 would have t h e  dura- 
t i o n  o f  9 launch v e h i c l e s  p l u s  3(x-9) or ~ = 1 8  + 3(x-9) .  
Hence, it i s  seen  t h a t  D/R becomes " r e g u l a r "  a f t e r  9 
launch v e h i c l e s ,  i. e .  , i n  u n i t s  

T h i s  i s  due t o  t h e  launch p o i n t  j be ing  g r e a t e r  t han  o r  
e q u a l  t o  t h e  maximum resupp ly  lag pas t  t he  ena p o i n t  o f  
any i n i t i a l  segment; 

t h e r e f o r e ,  t h e  change i n  maximum D/R i s  p r e d i c t a b l e  
as one launch v e h i c l e  i s  added (for R>g).  

i m p  1 i e s 

D D ( k , m , r , R + l )  - D(k,m,r,R) - - 3 ~ - D ( k , m , r , R )  
a(,> = R + l  R R(R+l) 

which becomes almost  i n s i g n i f i c a n t  as R beccmes l a r g e ;  
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5 )  due to c o n s t r a i n t  II.A.8 the  l i m i t  on miss ion  d u r a t i o n  
i s  75 u n i t s  which r e q u i r e s  a t  l ea s t  27 launch  v e h i c l e s ;  
t h u s ,  t he  maximum D/Q f o r  t h e  problem i s  - 75 - - 2.778 
s i n c e  A(a) > 0 ,  for Q > g ;  i . e . ,  D/R i n c r e a s e s  as R i n c r e a s e s  
( t h i s  i s  proved us ing  31, maximum D ( k , m , r , g )  = 21,  and 
t h e  d e p i n i t i o n  of  A ( D / Q ) . )  

27 D 

C . 4  Number o f  As t ronauts  Exposed 

by  an opt imal  e n t r y  f i x e s  most o f  a miss ion  p r o f i l e ,  t h e  remaining 
p o r t i o n  to be f i l l e d  i n  by observ ing  a l l  c o n s t r a i n t s  and perhaps  
opt imizing,  s u b j e c t  to these f i x e d  c o n s t r a i n t s ,  t h e  number o f  a s t r o -  
n a u t s  exposed d iv ided  b y  t h e  number o f  launch  v e h i c l e s .  Some 
exemplary miss ion  p r o f i l e s  are shown i n  F igu re  5 w i t h  t ha t  p o r t i o n  
shaded which has been f i x e d  w i t h i n  symmetry by a Figure  3 e n t r y .  

The i n i t i a l  segment and f i x e d  c o n s t r a i n t s  determined 

Now cons ide r  t h e  number o f  men exposed whi le  s a t i s f y i n g  
the  c o n s t r a i n t s  of S e c t i o n  11. An upper bound n(D,k) on this 
number can be computed as a f u n c t i o n  o f  t h e  d u r a t i o n  D and t h e  
longes t  exposure p e r i o d  P w i t h  l e n g t h  k u n i t s .  T h i s  i s  done by 
s o l v i n g  the fo l lowing  problem: 

n(D,k) = max 

such that ( c o n s t r a i n t  II.A.8) 

ni g 3 , i = 1, 2 ,  ..., k-1 

n k i L  

n i  - 1 1 , i = 1 , 2 , 3 , k  , 

n4 + n5 + n6 2 1 , 

nk- 1 + n k 2 1  j 
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n be ing  non-negative i n t e g e r s  r e p r e s e n t i n g  the number o f  exposure 
b locks  o f  l e n g t h  i, and 
i 

k 

i=l 

Table 2 g i v e s  bounds f o r  k = 11, 1 2 ;  D = 1 2 ,  13, ..., 21. 

Table  2. Upper Bound, n(D,k) 

An Upper Bo'und On The Number O f  Men Exposed A s  A Funct ion  O f  

Mission Dura t ion  D And Longest Exposure Pe r iod  Length k. 

An a d d i t i o n a l  upper  bound on t h e  number of  a s t r o n a u t s  
exposed i s  found which depends upon t h e  number o f  launch  v e h i c l e s ,  
R ,  and t h e  maximum a s t r o n a u t  exchange number, m, imposed upon each 
launch  except  t h e  f i rs t ,  

b (R,m) = m * ( ~ - 2 )  t 3 . 

Table  3 g i v e s  b (  R,m) f o r  t h e  ranges  of  m and R cons ide red .  

Table  3. b ( R , m )  

An Upper Bound On The Number O f  Men Exposed A s  A Funct ion  O f  The 

Number Of Launch Vehic les  R And The Ast ronaut  Exchange Number m ,  
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A compound upper  bound on n as a func t ion  of 
( D , k , R , m )  i s  

With t h i s  upper  bound on t h e  number o f  a s t r o n a u t s  exposed, one 
can t e l l  when a miss ion  p r o f i l e  i s  n e a r  optimum. There may be 
s o  few remaining p o s s i b i l i t i e s  i n  some i n s t a n c e s  t ha t  t h e  maxi- 
mum can be determined,  e .g . ,  i f  a miss ion  p r o f i l e  i s  ob ta ined  
which a t t a i n s  t h e  upper  bound, t h e n  a maximized miss ion  p r o f i l e  
i s  ob ta ined .  F igure  5 shows some example miss ion  p r o f i l e s  which 
have been s e l e c t e d  f o r  t h e i r  s a l i e n t  c h a r a c t e r i s t i c s .  I n  p a r t i -  
c u l a r ,  t hose  shown f o r  t h e  one-as t ronaut  exchange l i m i t  ( i . e . ,  
m = 1 )  have a l l  reached  t h e  bound imposed by T a b l e  3; t hey  are a l s o  
maximum d u r a t i o n  miss ions  f o r  k = l l ,  m = l  w i t h  ( R , r )  = ( 7 , 3 ) ,  ( 8 , l )  
and ( 8 , 2 )  r e s p e c t i v e l y ,  r ead ing  top  to bottom. Those i n  t h e  
i n i t i a l  segment number 2 c l a s s  have t h e  maximum number of a s t r o -  
nau t s  exposed and maximum d u r a t i o n  f o r  k = l l ,  m = 2  and a p p r o p r i a t e  
choices  of ( ~ , r )  except  f o r  t h e  miss ion  w i t h  d u r a t i o n  D=12 and 
having ~ = 8 ,  which has t h e  maximum n f o r  (D,k) = ( 1 2 , l l ) .  Note 
t h a t  us ing  i n i t i a l  segment number 9 ,  t he  l as t  launch  could  be 
moved t o  a t i m e  one u n i t  later, g iven  a t e r m i n a l  launch  lag o f  
2 u n i t s  ( 6 0  days)  and s t i l l  s a t i s f y  a l l  c o n s t r a i n t s  except  t he  
bound on t h e  number of 2 u n i t  b locks ;  i n  these  cases  it would 
seem reasonable  to r e l a x  t h i s  bound to o b t a i n  a r e l a t i v e l y  fresh 
man f o r  t he  r e t u r n .  

C. 5 Number o f  As t ronauts  Exposed/Number o f  Launch Veh ic l e s '  

Using t h e  bounds of  Tables  2 and 3 and t h e  C a p a b i l i t y  
Chart ,  F igu re  4, upper  bounds can be obtafned  f o r  t h e  

, n/R, f o r  a f i x e d  c o n s t r a i n t  se t  number o f  a s t r o n a u t s  exposed 
number o f  launGh v e h i c l e s  

of  S e c t i o n  1I .B; the  maximum d u r a t i o n  f o r  t h a t  c o n s t r a i n t  s e t  i s  
determined from F igure  4 and t h e  bounds are read from t h e  
Tables 2 and/or 3. Within t h e  gross bounds o f  t h e  S e c t i o n  1 I . B  
c o n s t r a i n t s  and ~ = 7 , 8 , 9  an upper  bound on n/R i s  17/9 = 1.889 
ob ta ined  by comparing w i t h  each  o t h e r  t h e  l o n g e s t  a u r a t i o n ' s  
n(k,D) f o r  each  R d iv ided  by  tha t  9,. 

Table  4 g i v e s  these upper  bounds f o r  n '  and nt/R as 
f u n c t i o n s  of R,m between t h e i r  maximums and minimums. T h i s  can 
be done s i n c e  R determines  an  upper  bound on D which i n  t u r n  
de te rmines  an upper  bound on n(D,k).  nt/R i s  t h u s  seen  to 
decrease  as R i n c r e a s e s .  
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- 
7 
8 
9 
10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 - 

Upper bound on number 
o f  men exposed, n + ,  for 

m = 3, 2 

14 
15 (( 

1 7  
18 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 ' 

30 
31 
32 
33 
33 
34 
35 

m = l  

8 
9 
10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

25 
26 
2 7  
28 

Upper bound on number o f  men 
exposed/no. of' l aunch  v e h i c l e s  - 

m = 3, 2 

2.000 
1.875 
1.888 
1.800 
1.818 
1.750 
1.692 
1.643 

1.563 
1.529 
1.500 
1.474 
1.450 
1.429 
1.409 
1.391 
1.375 
1.320 
1.308 
1.296 

1.600 

m = l  

1.143 
1.125 
1.111 
1.100 
1.091 
1.083 
1.077 
1.071 
1.067 
1.063 
1.059 
1.056 
1.053 
1.050 
1.048 
1.045 
1.043 
1.042 
1.040 
1.038 
1.037 

L- ,.- 

TABLE 4 UPPER BOUNDS nf(D,-,R,m) and n'(D,-,R, m)/R 

on the number of men exposed and t h e  number of  nen exposed 
d iv ided  by t h e  number of l aunch  v e h i c l e s ,  r e s p e c t i v e l y  for R 
between i t s  minimum and maximum. 
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I n  conclus ion ,  any one measure o f  e f f e c t i v e n e s s  can 
be maximized f o r  a f i x e d  set  of  c o n s t r a i n t s .  The mis s ion  dura- 
t i o n ,  number of  a s t r o n a u t s  exposed and mis s ion  d u r a t i o n  d i v i d e d  
by t h e  number of  launch v e h i c l e s  can s imul taneous ly  be maximized 
as R i n c r e a s e s ;  however, t h e  number of  a s t r o n a u t s  exposed 
d i v i d e d  by t h e  number of  launch v e h i c l e s  g e n e r a l l y  dec reases  as 
the  number of launch v e h i c l e s  i n c r e a s e s ,  t h u s  cannot be  maximized 
w i t h  t h e  o t h e r s .  A l l  can be  maximized f o r  a f i x e d  R .  

V. SUMMARY 

The problem g iven  was to determine the p o s s i b l e  man- 
mis s ion  resupply  schedu les  tha t  e x i s t  s u b j e c t  t o  a s e t  of f i x e d  
c o n s t r a i n t s  and capable  o f  v a r i o u s  d e s i r e d  p r o p e r t i e s ;  t h e n  to 
choose those  schedule  , t y p e s  which maximized v a r i o u s  measures of 
e f f e c t i v e n e s s .  

The f i x e d  c o n s t r a i n t s  p e r t a i n e d  t o  t h e  number, s i z e  
and sequencing of p e r i o d s  o f  exposure,  t he  l a g  between and num- 
b e r  of v e h i c l e s  f o r  resupply  launches ,  and the mis s ion  termina-  
t i o n .  The  des i red  p r o p e r t i e s  were: one of  two s i z e s  f o r  the  
l o n g e s t  exposure p e r i o d ,  one of 3 l i m i t s  on t h e  number of  a s t r o -  
n a u t s  exchanged at  any r e supp ly ,  one of 3 t e r m i n a l  resupply  lags,  
and, e f f e c t i v e l y ,  one of 3 numbers of  launch v e h i c l e s .  The 
measures of e f f e c t i v e n e s s  t o  b e  maximized were mis s ion  d u r a t i o n ,  
number of  a s t r o n a u t s  exposed, miss ion  duration/number of launch  
v e h i c l e s  arid number o f  a s t r o n a u t s  exposed/number of launch  v e h i c l e s .  

The problem was a t t a c k e d  by us ing  3 o f  t h e  f i x e d  con- 
s t r a i n t s  to a i d  i n  d e f i n i n g  an i n i t i a l  segment. The t o t a l  of 
e l even  i n i t i a l  segments ( F i g u r e  1) p a r t i t i o n e d  a l l  mi s s ion  pro- 
f i l e s  which sa t i s f ied  the  c o n s t r a i n t s  i n t o  e l e v e n  c l a s s e s .  The 
c l a s s e s  were ana lyzed  v i a  t h e i r  i n i t i a l  segments. The a n a l y s e s  
were performed by c o n s t r u c t i n g  c h a r t s  ( F i g u r e  2 )  showing t h e  
i n i t i a l  segment c a p a b i l i t i e s  w i t h  r e g a r d  to t h e  v a r i a b l e  pro- 
p e r t i e s ,  reducing  the c h a r t s  to t he  more capable  segments 
(F igu re  3)  and e x t r a c t i n g  t h e  maximum d u r a t i o n  e n t r y  f o r  each 
o f  the  5'1 se t s  o f  f i x e d  c o n s t r a i n t s  (shown as F igure  4 ) .  

The maximum miss ion  duration/number of launch v e h i c l e s  
(Table  1.) was eas i ly  computed u s i n g  t h e  reduced c h a r t ;  some 
g e n e r a l  comments on d u r a t i o n  related a n a l y s e s  were g iven .  Next , 
s i n c e  t h e  number of a s t r o n a u t s  exposed i s  no t  a d i r e c t  computa- 
t i o n ,  upper  bounds (Table  4 )  on t h i s  number as w e l l  as on t h e  
number o f  men exposed/nwnber o f  launch v e h i c l e s  were computed 
v i a  a l i n e a r  program. The i n i t i a l  Segment and schedule  proper-  
t i e s  e x h i b i t e d  b y  an  e n t r y  i n  a c h a r t  determine much o f  a mis s ion  
p r o f i l e ;  t h e  remaining p o r t i o n  can be completed w i t h  perhaps addi- 
t i o n a l  s a l i e n t  f e a t u r e s  wh i l e  con t inu ing  t o  observe  t h e  g i v e n  
c o n s t r a i n t s .  Some such example miss ion  p r o f i l e s  were g i v e n  
( F i g u r e  5 ) .  
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I n  conclus ion ,  it was noted  t ha t  any of  t h e  measures 
of e f f e c t i v e n e s s  g iven  could  be  maximized f o r  a f i x e d  number 
of launch v e h i c l e s ,  o r  l ikewise  f o r  a f i x e d  s e t  of  c o n s t r a i n t s ;  
a l s o ,  t h a t  a l l  measures i n c r e a s e d  as t h e  number of  launch 
v e h i c l e s  i n c r e a s e d  except  t h e  number of men exposed/number of  
launch v e h i c l e s  which i n  g e n e r a l  (bu t  not a lways )  decreased .  

o t h e r  comparable c o n s t r a i n t  sets could b e  e f f i c i e n t l y  analyzed 
i n  a s imilar  manner as e luded  to by the c o n s t r u c t i o n  and p r o o f s  
i n  t h e  Appendices. 

f 

It i s  f e l t  t h a t  o t h e r  measures o f  e f f e c t i v e n e s s  and 

1033-LDN-jr L .  D. Nelson 

Attachments 
Appendices I, 11, I11 
Figures  1 - 6 
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APPENDIX I 

CONSTRUCTION OF INITIAL SEGMENTS TO CLASSIFY MISSIONS 

An i n i t i a l  segment i s  de f ined  to b e  a segment from t h e  
beginning  of  a miss ion  to and inc lud ing  t h e  f i rs t  3 u n i t  b lock  
w i t h  a l l  t h r e e  a s t r o n a u t  p o s i t i o n s  f i l l e d  by 1 o r  2 u n i t  b locks  
to a t  least  t h e  beginning  o f  the  f i r s t  3 u n i t  b lock  and s a t i s f y i n g  
t h e  fo l lowing  cond i t ions  : 

i )  no more than  3 each  o f  l e n g t h  1, l e n g t h  2 and l e n g t h  3 
b locks  can be used,  and 

ii) t h e  precedence r e l a t i o n s  t h a t  at  least  one l e n g t h  1 
block  must end b e f o r e  any b lock  exceeds l e n g t h  1, a t  
l ea s t  one l e n g t h  2 b lock  must end b e f o r e  any b lock  
exceeds l e n g t h  2 and a t  l eas t  one l e n g t h  3 b lock  must 
end b e f o r e  any b lock  exceeds l e n g t h  3. 

Two miss ion  segments are said t o  be symmetric i f  one 
can be  ob ta ined  from t h e  o t h e r  b y  r ea r r ang ing  t h e  b locks  from 
l i n e  to l i n e  w h i l e  keeping each b lock  i n  i t s  own f i x e d  t i m e  
i n t e r v a l .  It w i l l  be shown tha t  t he re  are on ly  e l even  i n i t i a l  
segments w i t h i n  symmetry.  

Condi t ion  ii) i m p l i e s  t ha t  no longe r  b lock  can s t a r t  
b e f o r e  t h e  f i r s t  1 u n i t  b lock ,  t h e  f i rs t  2 u n i t  b lock  and t h e  
f i rs t  3 u n i t  b lock  r e s p e c t i v e l y .  With c o n d i t i o n  i ) ,  t h i s  i m p l i e s  
t ha t  t h e  f i r s t  1 u n i t  b lock  must s ta r t  a t  t i m e  0 ,  t h e  f i r s t  2 
u n i t  b lock  must s t a r t  at  t i m e  0 o r  1 and the  f i r s t  3 u n i t  b lock  
must s t a r t  a t  t i m e  0 ,  1, 2 o r  3. T h i s  fo l lows  s i n c e  the t o t a l  sf 
block  u n i t s  a v a i l a b l e  f o r  b locks  s h o r t e r  t h a n  t h e  f i rs t  b lock  
of l e n g t h  R i s  

s=o 

which w i l l  f i l l  the  3 a s t r o n a u t  p o s i t i o n s  to a maximum t i m e  o f  
= 0 f o r  a = l ,  1 f o r  R=2 and 3 f o r  R=3. I n  - - fy); t, 

t R  
F igure  6 t h e  p o s s i b l e  l o c a t i o n s  f o r  t he  f i rs t  b lock  o f  l e n g t h  2 
and t h e  f irst  b lock  of , l e n g t h  3 are shown a long  the v e r t i c a l  
and h o r i z o n t a l  axes ,  r e s p e c t i v e l y .  Two cornblnations are no t  
poss ib l e :  one because  t h e  f irst  3 u n i t  b lock  ends where the  
first 2 u n i t  b lock  ends f a i l i n g  to s a t i s f y  c o n d i t i o n  ii); the  
o t h e r  because a l l  th ree  1 u n i t  b locks  must be  used between 
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times 0 and 1 while  a n o t h e r  would be necessa ry  t o  f i l l  the gap 
between t i m e  1 .and t h e  f i rs t  3 u n i t  b lock  f a i l i n g  t o  s a t i s fy  
c o n d i t i o n  i) .  The remaining combinations are p o s s i b l e  w i t h i n  
symmetry; these are l i s t e d ,  each w i t h  a l l  v a l i d  combinations 
w i t h i n  symmetry of 1 and 2 u n i t  b locks  f i l l i n g  t h e  a s t r o n a u t  
p o s i t i o n s  t o  a t  l e a s t  the  beginning o f  t h e  f i rs t  3 u n i t  block.  
A l l  miss ions  which s a t i s f y  t h e  c o n s t r a i n t s  of S e c t i o n  1I.A must 
s a t i s f y  t h e  c o n s t r a i n t s  d e f i n i n g  an i n i t i a l  segment; hence,  each 
m i s s i o n ' s  beginning  segment must be symmetric t o  one of t h e  
i n i t i a l  segments.  But  symmetry i s  an equiva lence  r e l a t i o n  and 
s i n c e  no two i n i t i a l  segments are symmetric, each mis s ion  f a l l s  
i n t o  one and only one of  the e l e v e n  i n i t i a l  segment equiva lence  
c l a s s e s .  
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APPENDIX I1 

PROOF FOR THE M I N I M U M  NUMBER O F  LAUNCH VEHICLES N ( I , k , D , r )  

Consider a miss ion  w i t h  an i n i t i a l  segment I, I having 
r e q u i r e d  launches a t  t h e  p o i n t s  L1, L 2 ,  ..., Ls. 
mum resupply  i n t e r v a l  be  p33 u n i t s  long ,  a mandatory resupply  
launch be r ( l s r zp )  u n i t s  b e f o r e  t e rmina t ion ,  a longes t  exposure 
p e r i o d  P be k ( k 2 p )  u n i t s  long and a miss ion  d u r a t i o n  be D 
(max[Ls+p,l+k] r, D s L L e t  t h e  miss ion  be 

t e rmina ted  at  t h e  end of P;  t hus  P must s ta r t  a t  p o i n t  j = D - k. 
I f  t h i s  i s  a v a l i d  p o i n t  t o  s ta r t  P us ing  i n i t i a l  segment I ,  the  
minimum number of launch v e h i c l e s  needed f o r  a mis s ion  thus  con- 

L e t  t he  maxi- 

+ p + k )  u n i t s  long. - s  

s t r a i n e d  i s  g iven  by 

N = s + l + a +  ‘D-6-r’ * 
L P  J 

where 

0 i f  j E ( L ~ , L ~ ,  ..., L 1 
S 

\= 

1 i f  j d{L1,L2,. .. ,L 1 
S 

and 

The proof of 
Ls 2 = max 

(1) fol lows .  

L s , j ]  

S ince  j = D-k, j r Ls+p and 
Ls + p; hence,  t h e  launch (or no launcl i )  

* f;;7 s i g n i f i e s  t h e  smallest i n t e g e r  x. 
Ld 
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provided  by a i s  the  only p o s s i b l e  launch o t h e r  t h a n  t h e  s 
launches ( s+ l  launch v e h i c l e s  s i n c e  2 are r e q u i r e d  a t  t h e  
s t a r t )  a t  ILIJ  L2, ..., L s l  r e q u i r e d  by t h e  mis s ion  up t o  and 
i n c l u d i n g  a launch a t  t h e  p o i n t  B .  From t h e  fo l lowing  diagram 

D-B-r r 
------,n 

I I I 

0 B ' = maxCLs, j I D - r  il 

s i n c e  a launch i s  r e q u i r e d  at  p o i n t  D-r, if D-B-r 3 0 t h e n  t h e  
minimum number of a d d i t i o n a l  launches t o  accomplish t h e  mis s ion  
i s  

But D-6- r  p 0 fo l lows  s i n c e  both 

D - j  - r = D - ( D - k ) - r = k - r a p - r ,  

D - Ls - r 2 (Ls+p) - Ls - r = p - r , 

and 

End of' p roo f .  
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APPENDIX I11 

CONSTRUCTION OF CAPABILITY CHART FIGURE 2 

With t h e  assumptions and c o n s t r a i n t s  of  Appendix I, 
t h e  c a p a b i l i t y  c h a r t  i s  c o n s t r u c t e d  as fo l lows:  

1. F i x  p. 

2. 

3. F i x  k.  With 1 and 2 above, t h i s  f i x e s  t h e  bounds on D ,  

F i x  I. Th i s  de te rmines  s and {L1, L2,  ..., Ls)  

max[Ls+p, l + k ]  2 D 2 L S + p + k 

4. F i x  D. 
and 6 .  From (1) Appendix I and t h e  d e f i n i t i o n  of  x 

This  f i x e s  j = D-k, which i n  t u r n  f i x e s  a ~ 

U 

which i m p l i e s  

K - pN 2 r i K - pN + p 

5. F i x  N .  T h i s  f i x e s  t h e  above c o n s t r a i n t  on r; w i t h  t h e  
a d d i t i o n a l  c o n s t r a i n t  on r 

t h e  minimum r i s  determined o r  non-ex i s t en t  f o r  t h e  
e n t r y  w i t h  f i x e d  p ,  I, k,  D and N by  a l s o  s a t i s f y i n g  
t h e  c o n s t r a i n t s  1 I . A .  8. 

The above s u f f i c e s  t o  c o n s t r u c t  t h e  p o r t i o n  o f  t h e  c h a r t  
u s ing  t h e  minimum number of  launch v e h i c l e s ;  t o  complete t h e  c h a r t  
drop t h e  c o n s t r a i n t  t h a t  r < K - pN + p.  
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FlGURE 1- - THE SET‘OFI POSSIBLE I N I T I A L  SEGMENTS FOR 3-MAN, MAXtMUM OF 3 EXPOSURE 
PER I ODS OF THE SAME LENGTH ONE-TWO-THREE LONGER PER IO0 REQU I RED 
SEQUENCING. THEY ARE CATEGORIZED INTO: 

1. - I N I T I A L  SEGMENTS RE U l R l N G  A MAXIMUM OF I-MAN EXCHANGE, 
I I .  - INJTJAL  SEGMENTS RE UIRING A MAXIMUM OF 2-MAN EXCHANGE, 

1 1 1 .  - I N I T I A L  SEGMENTS RE U lR lNG A MAXIMUM OF 3-MAN EXCHANGE. 
FURTHER, THE RE UIRED LAUNCHES ARE NOTED BELOW EACH SEGMENT BYsLi- AND1 

EVERY UNIT  PERIOD IS A 30 DAY PERIOD. 
THE SEGMENTS AR ! SUBDIVIDED INTO THOSE REQUIRING a) 4 AND b) 5 LAUNCHES. 
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FIGURE 2. - CAPABILITY CHART FOR I N I T I A L  SEGMENTS. THE I N I T I A L  SEGMENTS ARE IN- 
DEXED BY i; THE MISSION DURATION IN UNITS IS GIVEN BY D; THE RESUPPLY 
ASTRONAUT EXCHANGE L I M I T  IS GIVEN BY m. 
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9 
LAUNCH VEH ICLES 

REDUCED CAPABILITY CHART FOR I N I T I A L  SEGMENTS. I F  TRYING TO MAXIMIZE 
DURATlON D AND RETAIN SAME CAPABIL IT IES OF a LONGEST EXPOSURE PERIODS 
b NUMBER OF LAUNCH VEHICLES c TERWSINAL LAU CH LAG AND d RESUPPLY 

THE SAME I$  TRUE I F  TRYING TO MAXIMIZE THE DURATION DIVIDED BY THE 
NUMBER OF1 LAUNCH VEHICLES, 011. 

A a TRONAUT EXCHANGE LIMIT,  CONS 1 DER ONLY THOSE a ENTRIES W H I  2 H ARE SHADED. 
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FIGURE 4. - MAXIMUM DURATION CAPABILITY CHART FOR l N I T l A L  SEGMENTS. T H I S  CHART 
EXPRESSES THE CAPABILITIES; OF THOSE INITIAL SEGMENTS HAVING THE 

ASTRONAUT EXCHANGE LIMIT. 

MAXIMUM DURATION PROPERTY FOR EACH VALID FIXED SET OF PROPERTIES a) 
7,8, OR 9 LAUNCH VEHICLES b 330 OR 3601 DAY LONGEST EXPOSURE 
PERIOD c )  30,60, OR 90 DKY -I ERMINAL LAUNCH LAG AND d) 1,2, OR 3 
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